Fibromyalgia is an intractable widespread pain disorder that is most frequently diagnosed in women. It has traditionally been classified as either a musculoskeletal disease or a psychological disorder. Accumulating evidence now suggests that fibromyalgia may be associated with CNS dysfunction. In this study, we investigate anatomical changes in the brain associated with fibromyalgia. Using voxel-based morphometric analysis of magnetic resonance brain images, we examined the brains of 10 female fibromyalgia patients and 10 healthy controls. We found that fibromyalgia patients had significantly less total gray matter volume and showed a 3.3 times greater ageassociated decrease in gray matter than healthy controls. The longer the individuals had had fibromyalgia, the greater the gray matter loss, with each year of fibromyalgia being equivalent to 9.5 times the loss in normal aging. In addition, fibromyalgia patients demonstrated significantly less gray matter density than healthy controls in several brain regions, including the cingulate, insular and medial frontal cortices, and parahippocampal gyri. The neuroanatomical changes that we see in fibromyalgia patients contribute additional evidence of CNS involvement in fibromyalgia. In particular, fibromyalgia appears to be associated with an acceleration of age-related changes in the very substance of the brain. Moreover, the regions in which we demonstrate objective changes may be functionally linked to core features of the disorder including affective disturbances and chronic widespread pain.
Introduction
Fibromyalgia is a disorder of unknown etiology that is characterized by chronic widespread pain and often accompanied by a variety of other symptoms, including sleep impairment, chronic fatigue, affective disturbances and altered stress responses (Wolfe et al., 1990) . Although the disorder has been dismissed by many physicians as purely psychological, recent neuroimaging studies show alterations in sensory processing (Gracely et al., 2002) and neurochemical abnormalities (Wood et al., 2006) , indicating that fibromyalgia is associated with alterations in the brain's neural functioning.
Changes in brain morphology have been described in chronic pain conditions (Apkarian et al., 2004; Schmidt-Wilcke et al., 2005 , chronic fatigue syndrome (Okada et al., 2004; de Lange et al., 2005) , and posttraumatic stress disorder (Villarreal et al., 2002; Corbo et al., 2005; Chen et al., 2006) . Because fibromyalgia shares commonalities with these disorders, we hypothesized that fibromyalgia might be associated with neuroanatomical abnormalities as well. Specifically, we sought to determine whether fibromyalgia patients have demonstrable reductions in brain gray matter, particularly in regions involved in pain perception, pain modulation, and stress.
Materials and Methods

Subjects
Ten female fibromyalgia patients (mean age, 52) and 10 healthy female subjects of similar age (mean, 45 years; not significantly different, t (18) ϭ 1.63, p ϭ 0.12) were recruited. Exclusion criteria for both groups included smoking, use of recreational drugs, alcohol consumption of Ͼ3 U/week, pregnancy, and major medical, neurological, or current psychiatric conditions, including depression (Diagnostic and Statistical Manual of the American Psychiatric Association IV criteria). Patients were not taking antidepressants or anticonvulsants and met the American College of Rheumatology criteria for fibromyalgia (Wolfe et al., 1990) . No healthy control subjects met these criteria. The protocol of the study was approved by McGill University Institutional Review Board (Montreal, Quebec, Canada). Written informed consent was obtained from all participants according to the Declaration of Helsinki.
Brain imaging: data acquisition and imaging protocol
Imaging was performed using a 1.5 T Siemens (Erlangen, Germany) Vision scanner with a standard head-coil. Anatomical scans were recorded using a high-resolution T1-weighted anatomical protocol (repetition time, 22 ms; echo time, 9.2 ms; flip angle, 30°; field of view, 256 mm). All participants wore earplugs, and their heads were immobilized with a vacuum beanbag pillow, padded earmuffs, and a plastic bar across the bridge of the nose. The voxels in all images before and after preprocessing were 1 ϫ 1 ϫ 1 mm.
Voxel-based morphometry
Each image underwent automated correction for intensity nonuniformity and intensity standardization by normalizing gray-level intensities to a common scale (Sled et al., 1998) . The corresponding magnetic resonance imagine (MRI) volumes were spatially normalized to a widely used T1-weighted MRI template in stereotaxic space, the Montreal Neurological Institute/International Consortium for Brain Mapping (MNI/ ICBM) 152 standard, to adjust for differences in total brain volume and brain orientation. A nonlinear and linear transformation was used to align individual images to the template to preserve cerebral asymmetries (Collins et al., 1994) .
Classification of brain tissue into gray matter, white matter, CSF, and background was performed by means of an advanced neural net classifier (Zijdenbos et al., 2002) , labeling each voxel based on the MRI signal (see Fig. 2a ). Voxels with an effect of insufficient image resolution leading to a mixing of different tissue types were corrected with a partial volume estimation algorithm, which classified a voxel continuously rather than discretely (Kim et al., 2005) . Tissue classification was used to extract each tissue type as a binary map; the numbers of voxels in a tissue type provided the total volume of the tissue itself within the binary map. After tissue classification, the skull, brainstem, cerebellum, and dura were removed for additional analysis (Fig. 2b) .
Data smoothing was used to convert the binary data into a range of continuous data and to reduce the effect of individual variation in the exact location of gyri and sulci (Watkins et al., 2001 ). Images were smoothed with an isotropic Gaussian kernel of 10 mm full width at half maximum (FWHM) to reduce false positives occurring at smaller smoothing values (Salmond et al., 2002) . These smoothed images were used as the three-dimensional maps for gray matter density, measured from the intensity of the image within each voxel.
Statistical analysis
Comparison of whole-brain tissue volumes between fibromyalgia patients and controls. The general linear model was used to assess differences in total gray matter, white matter and CSF volumes. Because both brain gray and white matter decrease with age (Apkarian et al., 2004; Tisserand et al., 2004) , age was included as a covariate. Additionally, multiple linear regression was used to determine the gray matter and total tissue volume percent variance explained by age and time since diagnosis of fibromyalgia. To assess the difference between two regression lines, a difference test between two correlation coefficients was computed, as well as an ANOVA of regression parameters (slopes, Y-intercept, and whether the data are best fit with a common line or each group having its own respective line of best fit; Regress version 1.0, 2000, J. Rochford, McGill University, Montreal, Quebec Canada).
Regional voxel-wise comparisons of gray matter density. Statistical maps of differences in gray matter density between patients and healthy controls at every voxel were obtained using a general linear model (Worsley et al., 1996) , using age as a covariate. A groupwise t statistic for each voxel was computed. The number of subjects, data resolution, voxel size, and volume of the search regions were used to compute the critical threshold t value for a two-tailed ␣ significance level of p Ͻ 0.05 after correcting for multiple comparisons, according to the random field theory (Worsley et al., 1996) . Because these methods lead to very conservative t values, cluster analyses were also performed, which calculated the probability of observing a group of contiguous voxels with a t value above 3.0, using a smoothing kernel of 10 mm FWHM. Using these methods, both global searches (with no a priori hypotheses) and directed searches were performed in regions predicted to show anatomical changes. Based on regions shown to have anatomical changes in other voxel-based morphometry studies of chronic pain conditions (Apkarian et al., 2004; Schmidt-Wilcke et al., 2005 and stress-related disorders, including chronic fatigue syndrome and post-traumatic stress disorder (Villarreal et al., 2002; Okada et al., 2004; Chen et al., 2006) , directed searches were performed in anterior, mid, and posterior cingulate cortex, insular cortex, dorsolateral prefrontal cortex, medial prefrontal cortex, and the parahippocampal gyrus.
Results
As shown in Figure 1a , fibromyalgia patients showed a reduction in gray matter and total brain volume compared with healthy controls. There was no difference in the volume of white matter or CSF between groups. In addition, gray matter volume was negatively correlated with age for fibromyalgia patients, with a similar nonsignificant trend for healthy controls (Fig. 1b) . The age-associated loss in gray matter in the fibromyalgia group was ϳ3.7 cm 3 /year, which was significantly greater than the loss in matched controls (only 1.1 cm 3 /year). For fibromyalgia patients, three of 10 subjects had normal menstrual cycles and two others were on hormone replacement therapy (HRT); for the healthy controls, seven of 10 were cycling normally and none were on HRT. Nevertheless, Figure 1b shows that the seven fibromyalgia patients over 50 years of age (noncycling) had less gray matter than the three healthy controls in the same age range (also not cycling). For fibromyalgia patients, the gray matter volume was also negatively correlated with time since diagnosis; a loss of 10.5 cm 3 in gray matter occurred with each year of diagnosed fibromyalgia (Fig. 1c) . As shown in Figure 2 and Table 1 , regional voxel-wise comparisons revealed clusters of significantly lower gray matter density in fibromyalgia patients than in healthy controls in the left parahippocampal gyrus, bilateral mid/posterior cingulate gyrus, left insula, and medial frontal cortex. There were no regions with significantly greater gray matter density in fibromyalgia patients compared with healthy controls.
Discussion
Fibromyalgia patients have abnormal brain gray matter loss
These findings reveal for the first time that patients with fibromyalgia have brain gray matter atrophy. Interestingly, the normal Figure 1 . a, Brain gray matter, white matter, CSF, and total volume in 10 fibromyalgia patients and 10 healthy control subjects. Values are expressed in millimeters cubed Ϯ SEM. Including age as a covariate of no interest, fibromyalgia patients had significantly less gray matter and total brain volume than controls. b, Brain gray matter tissue volume plotted against age. Gray matter volume correlated significantly with age in fibromyalgia patients (r ϭϪ0.90; p Ͻ 0.001), with a similar trend in healthy controls (r ϭ Ϫ0.57; p ϭ 0.086). Fibromyalgia patients showed a significantly steeper age-related decline than controls (F (1,18) ϭ 281.57; p Ͻ 0.001). c, Gray matter volume versus time since the patient had been diagnosed with fibromyalgia. Gray matter volume was significantly correlated with time since diagnosis (r ϭ Ϫ0.79; p ϭ 0.007), with a loss of 10.5 cm 3 in gray matter with each year of diagnosed fibromyalgia. The slope was significantly greater than age-associated loss in healthy controls (F (1,18) ϭ 310.78; p Ͻ 0.001) with a magnitude of decrease equivalent to ϳ9.5 years of normal aging seen in healthy controls. Gray matter volume for healthy controls is depicted on the figure, but was not used in the regression analysis. yrs, Years. *p Ͻ 0.05.
age-related decrease in gray matter was accelerated in fibromyalgia patients and related to disease duration. The patients, who ranged from 27 to 61 years of age, demonstrated a yearly decrease in gray matter volume more than three times that of age-matched controls. The age-related decrease was even greater than that observed by Resnick et al. (2003) in a much older group of healthy adults (59 -85 years), with the fibromyalgia patients in our study showing a decrease of 3.7 cm 3 /year and the older healthy subjects showing a decrease of 2.4 cm 3 /year. Although menopausal status can clearly have an effect on gray matter volume, the fact that more fibromyalgia patients than healthy controls in our sample were not cycling normally is not likely to account for our findings, because the postmenopausal fibromyalgia patients in our study had less gray matter than the postmenopausal healthy controls. The reduced gray matter was even observed in the two patients who were on HRT, which Erikson et al. (2005) showed increases gray matter volumes in postmenopausal women.
Structural brain changes related to chronic pain and stress disorders
Accumulating evidence now indicates that a number of chronic pain and stress-related disorders, including chronic low back pain, tension-type headache, chronic fatigue syndrome, and posttraumatic stress disorder, are characterized by gray matter reductions, although the specific regions involved differ among syndromes (Villarreal et al., 2002; Apkarian et al., 2004; Okada et al., 2004; de Lange et al., 2005; Schmidt-Wilcke et al., 2005; Chen et al., 2006) . The extensive comorbidity among these disorders suggests that mechanistic similarities may underlie brain atrophy, whereas the regional differences in gray matter decline could explain differences in symptoms.
Mechanisms and implications of gray matter loss
A possible explanation for the decreased gray matter density in these disorders might be atrophy secondary to excitotoxicity and/or exposure to inflammation-related agents, such as cytokines (Apkarian et al., 2004) . It is noteworthy that in fibromyalgia patients, gray matter loss occurred mainly in regions related to stress [parahippocampal gyrus (Herman et al., 2005) ] and pain processing [cingulate, insular, and prefrontal cortices (Apkarian et al., 2005) ], which might reflect their long-term experience of these symptoms. Because cingulate and prefrontal cortices are particularly implicated in pain modulation (Apkarian et al., 2005 ) (i.e., inhibition and facilitation of pain), structural changes in these systems could contribute to the maintenance of pain and symptom chronification in fibromyalgia. Furthermore, gray matter atrophy in areas such as parahippocampal and frontal cortices also appears consistent with cognitive deficits characteristic of fibromyalgia (Park et al., 2001) . Longitudinal studies are indicated to determine whether the observed structural changes are the cause or the consequence of the disorder. If confirmed, these findings may provide a rationale for exploring neuroprotective approaches in fibromyalgia aimed at symptom treatment or indeed at their reversal. Figure 2. Voxel-wise comparison of gray matter density between fibromyalgia patients and healthy control subjects. In the top panel, an example of the tissue classification procedure on one subject is shown. a, The first step of tissue classification into gray matter (green) white matter (white) and CSF (blue). b, The same image after applying a mask, which removes the skull, dura, cerebellum, and brainstem. c, Statistical t maps are depicted, with the t threshold set at 2.0 for visualization and superimposed on the MNI/ICBM 152 template. A cluster analysis was used to determine significance levels (for details, see Table 1 and Materials and Methods). Left side of brain is displayed on left. Regions showing significantly less gray matter density for fibromyalgia patients than healthy controls included left parahippocampal gyrus (PHG), left and right mid/posterior cingulate gyrus (CG), left insular cortex (IC), and medial frontal cortex (MFC) (for coordinates, see Table 1 ).
